Abstract. We report two polymerase chain reaction (PCR)-based methods for distinguishing morphologically similar species based on amplification of a variable region of the 28S gene of ribosomal DNA. The four species we investigated are mosquitoes of the Anopheles minimus group: An. aconitus, An. varuna and An. minimus species A and C. The formally named species are vectors of human malaria parasites in south-east Asia but are difficult to distinguish with certainty on the basis of morphology. Allele-specific amplification was used to differentiate An. minimus A from An. minimus C. This technique has been widely used for the diagnosis of species. Single-strand conformation polymorphisms (SSCPs) were used to separate all four species. This technique, which has seldom been used for species identification, has many advantages: it does not require sequence information beyond that needed for amplification; it is ideally suited for the detection of heterozygotes; it utilizes more of the information in the PCR product than allelespecific amplification; it distinguishes all four species considered here and could easily be extended to other species; previously unknown intraspecific variation and additional species are likely to be detected. Thus, SSCPs provide valuable population genetic information which allele-specific amplification does not.
Introduction
Many techniques for examining specific behaviour, ecology and genetics have been used to reveal, and subsequently identify, morphologically similar species of mosquitoes (Diptera: Culicidae). Chromosome differences are a commonly used means of identification of anopheline species, but the technique cannot be applied to all specimens: it is either sex or developmental stage specific. Considerable effort has been expended in finding alternative means of specific identification of mosquitoes, especially to distinguish between sibling species that may differ in their vectorial capacity. Allozyme electrophoresis (e.g. Mahon etal., 1976; Miles, 1979 ) requires fresh or frozen material. Cuticular hydrocarbon analysis using high-performance gas chromatography (e.g. Carlson & ASA utilizes primers that match, and therefore amplify, the sequence of one species, but mismatch other species. Primers are designed such that the products formed are of speciesspecific size and can be resolved on an agarose gel. Scott et al. (1993) devised a method of identifying five of six known species of the Anopheles gambiae complex using one universal and five specific primers to the intergenic spacer of ribosomal DNA (rDNA). Porter & Collins (1991) used a slightly different primer design: two external universal primers and two internal specific primers. Their method distinguishes two species of the Anopheles maculipennis complex from the internal transcribed spacer 2 of rDNA.
SSCP analysis of PCR products was introduced by Orita et al. (1989) . The technique can, in principle, detect single base pair mutations in a PCR product without any prior sequence knowledge beyond that needed for the PCR amplification. The product is denatured to form single-stranded DNA, and snapcooled to form folded structures. Sequence differences affect the tertiary structures formed, which affect the mobility of the strands in a non-denaturing gel. Hence, two bands are expected from homozygotes and four bands from heterozygotes. Two identically migrating bands cannot be assumed to have identical sequences, because not all mutations will affect mobility. The technique has been used principally for human mutation detection, and therefore debate has centred on optimization of conditions in order to maximize detection rate. Hayashi (1991) found that, after optimization, SSCPs could detect 99% of point mutations in DNA molecules 100-300bp in length and 89% of mutations in molecules 300-450 bp in length. It is not so critical to detect every mutation when using SSCPs to identify mosquito species: if taxa have been identified a priori, the pattern produced can simply be used as a marker.
The Anopheles minimus group of mosquitoes comprises eight formally named, morphologically similar species (Harrison, 1980) . Three of the formally named species-An. aconitus D6nitz, An. minimus Theobald and An. varuna Iyengar-cannot be distinguished reliably by adult morphology. They are widespread across south-east Asia, sympatric across much of Thailand and vectors of human malarial parasites.
Behavioural and population genetic evidence indicates that An. minimus itself may be a complex of species. A mark-release-recapture experiment carded out in northern Thailand showed host-preference heterogeneities: individuals caught on humans or on bovids tended to return to the species from which they were first caught (Suthas etal., 1986) . One explanation of this observation is that more than one species was present. Green etal. (1990) provided conclusive evidence for this hypothesis. They found the sympatric occurrence of homozygotes for two electromorphs, with an absence of heterozygotes at two localities in Thailand. The two species were informally designated species A and species C. A partially differential morphological trait was noted: An. minimus C adults were more likely than those of An. minimus A to possess a humeral pale spot on the costal vein of the wing. Both differed from 'form B' described from southern China on the basis of morphological variations (Yu & Li, 1984; Yu, 1987) .
Materials and Methods

Mosquitoes
Adult females of the Anopheles minimus group were collected from humans and from bovids, in Kanchanaburi, Tak and Chieng Mai Provinces, Thailand, encompassing the known distribution of An. minimus C (Green etal., 1990 ; except that coordinates for Ban Phu Rat should read 14ø17'N, 99ø01'E). Progeny broods were raised from mosquitoes from Kanchanaburi Province and the larval and pupal exuviae of individual offspring were kept as a record of immature morphology. Immatures, and hence associated adults, were identified using the morphological keys of Reid (1968) and Harrison (1980) 
Choice of DNA region
There are many advantages of using rDNA for species identification (Collins & Paskewitz, 1996) . It has adjacent regions of conserved and variable sequences and is present in multiple copies, making it relatively easy to amplify by PCR; it is nuclear and therefore less likely to introgress than cytoplasmic DNA; and it evolves by concerted evolution, thus making one rDNA sequence largely representative of all the repeats within a population. Relatively small sample sizes can therefore be used for interspecific studies. Initially we studied the internal transcribed spacer (ITS) regions, but found ITS 1 to contain a repeat structure, and ITS2 to be too variable to align between species (Sharpe, 1997). We therefore examined the less commonly studied third domain (D3) of the 28S gene, which is flanked by highly conserved regions. The PCR primers were designed by Litvaitis etal. (1994) Biotechnologies, using manufacturer's buffer IV). PCRs were initiated with a 'hot start' procedure: polymerase was added after an initial 5-rain denaturation. Cycling conditions were 95øC 30s, 55øC 30s and 72øC 1 rain for thirty-five cycles followed by a final 72øC extension for 4 min. Products were electrophoresed through ethidium bromide-stained 1% agarose gels in 1 X TBE (0.09 M Tris, 0.09 M Borate, 0.002 M EDTA, pH 8.3) and visualized under U¾ light. Products were cleaned using spin columns (Promega Wizard PCR Preps) and sequenced in both directions (AmpliTaq DNA polymerase, FS, Applied Biosystems on an automated sequencer, AB1373). Amplification and sequencing primers were identical. Manufacturer's instructions were followed, except that a phenolchloroform cleaning step was included after the sequencing reaction in order to remove excess dye terminators. Sequences were edited manually and aligned using PILEUP from the GCG suite of programs (Program Manual for the Wisconsin Package, 1994).
Allele-specific amplification
Restriction sites suitable for distinguishing all four species were not present in the D3 products. Our ASA test aimed to distinguish An. minimus A from An. minimus C. It was not possible with the sequence data available to design a test that would also separate An. aconitus and An. varuna. The ASA utilizes an adjacent 2-bp difference between the taxa. An --380-bp product is always expected: it acts as an internal control for the PCR (Fig. 1) . In addition, a 275-bp product is expected for An. minimus A, or a 75-bp product for An. (Table 1) , 2.5 mm MgC12 and 1 unit of DyNAzyme DNA polymerase (Flowgen, using manufacturer's Mg-free buffer). Cycling conditions were 95øC 30 s, 47øC 30 s and 72øC 1 min for thirty to thirty-five cycles followed by a 4-rain final extension at 72øC. PCRs were initiated with a 'hot start' procedure. Products were visualized on an ethidium bromide-stained 1% agarose gel.
Single-strand conformation polymorphism (SSCP)
DNA was amplified using primers D3a and D3b (Table 1) 
Electrophoresis to detect SSCPs
Non-denaturing polyacrylamide gels were cast using clean, non-siliconized glass plates (Bio-Rad Protean II system, 16cm x 20cm x 0.6 mm). Gels were made from 25% 'acrylamide derived' gel solution (Flowgen) and 0.6XTBE; polymerization was initiated by adding 60 gl of TEMED and 300gl of ammonium persulphate (10% w/v). Fifteen-or twenty-five-well combs were used. Gels were electrophoresed in 0.6 X TBE. Silver staining of SSCP gels Gels were stained in clean, shallow plastic trays. They were fixed for 10rain (50% methanol, 10% acetic acid), washed twice for 2 min (10% ethanol, 0.5% acetic acid) and stained for 10rain (0.1% AgNO3 from a 10% stock). The silver was precipitated for as short a time as possible (1.5% NaOH, 0.001% Na borohydride from a 100-mg/ml stock, 0.002% formaldehyde, mixed together just before use), precipitated again until bands developed, washed in water and neutralized for 20 rain (0.75% Na2CO3, from a 7.5% stock). All mixtures were prepared immediately prior to use with double-distilled water. Gels were transferred to filter paper, covered with plastic film, dried and scored. A photograph of an ASA gel is shown in Fig. 3 . Where only one species-specific band amplified, it always proved to be that of the 'correct' species. Occasionally products representing both or neither species amplified; when repeated, these samples usually produced just one species-specific band. It was because of this problem that the use of SSCPs was investigated. Such problems are to be expected with ASA if the window of conditions under which species-specific amplification occurs is narrow.
Single-strand conformation polymorphism analyses
SSCPs can overcome the difficulties associated with ASA.
Diagnostic, repeatable differences were observed between all four species (Fig. 4) . Specimen No. 157 gave a band of intermediate mobility between that of An. minimus A and C. More than two bands were often visualized per sample. These are most likely to be due to alternative stable conformations of the PCR product, but could also be due to alternative PCR products, for example if copies of rDNA differ in sequence. The additional bands were species specific and reproducible: they aided rather than hindered identification. All An. aconitus specimens gave three strong bands; in addition, An. aconitus haplotype 2 (see Table2) An.
An.
An. that it has been tested against. The possibility of finding exceptional individuals that do not fit the previously observed pattern always exists. This is especially true for species with a wide distribution. It is stressed that the sequence data used here come from specimens from a small part of the species' ranges. However, this is typical of other studies and highlights the advantages of SSCPs as unexpected variation is detectable.
An
Design of allele-specific amplification 
Every method of species identification is limited by the number of individuals from the number of geographical sites
The use of ASA is widespread. There are, however, several possible designs for such tests, which are each expected to have different merits, and these have not been widely discussed. The ideal attributes and the properties of various designs (Fig. 5) of such tests are considered below. Some of the desirable attributes are mutually exclusive.
The test must, above all, be species specific. The mismatch must be diagnostic, and the test must be maximally refractory to amplification with a mismatched primer, preferably under a wide range of PCR conditions. Maximum discrimination of the PCR may be achieved in a number of ways. First, it is commonly known that primer length, annealing temperature and various PCR conditions affect the probability of amplification and must therefore be optimized. Second, some base-pair mismatches are less likely to be extended by the PCR than others (Kwok etal., 1990; Huang etal., 1992) . Two adjacent base-pair mismatches are less likely to be extended than one base-pair mismatch (Kwok etal., 1990) . Third, the use of specific primers on both positive and negative strands (design 4) aids specificity. ff one mismatched primer does amplify, it will result in linear rather than exponential amplification. Fourth, competition in the PCR process is expected to aid specificity. For example, Paskewitz & Collins (1990) designed a three primer test (Fig. 5c) to distinguish An. garnbiae and An. arabiensis. They reported the results of preliminary tests using only two of these primers: the universal and one of the specific primers (Fig. 5a ). Primers matching both species were tested for both primer positions. Three of the four primers produced strong, reliable and correctly sized products with the 'correct' species. However, all of these also amplified from the wrong species, albeit more faintly or occasionally.
The test should include a positive control. In other words, the expected result should always be amplification, rather than no amplification, which cannot be distinguished from a blank due to error. Comparison of allele-specific amplification and single-strand conformation polymorphism
In this study, ASA had a lower success rate than SSCPs. This is not necessarily true for other ASA systems, because the success is predicted to depend on the design of the test adopted and on the individual nature of the primers. From the necessarily limited amount of sequence data available, it was not possible to design an ASA test that would distinguish all of the species of the An. minimus group in Thailand. Again, this does not necessarily apply to other ASA systems, although it is likely that there is a limit to the number of species that they can distinguish. This is a major disadvantage of the ASA test designed in this study. The SSCPs, however, can distinguish all four species considered here, and it is likely that other members of the An. minimus group will also produce diagnostic patterns. The SSCPs were substantially easier to develop than the ASA.
The design of ASA is constrained by the necessity of resolving products on an agarose gel: species-specific products cannot be too short and must be sufficiently different in size SSCPs use more of the information in the PCR product: ASA relies on a difference of just a few base pairs, typically one base per species. As such it is particularly susceptible to intraspecific variation at these sites which would give erroneous species identification, but not to variation at other sites within the PCR product. The advantages of using the information in the whole PCR product are highlighted by the ability of the SSCP technique to detect individuals that do not belong to the An. minimus group. SSCPs, however, demand little intraspecific variation in the PCR product if the technique is to be used for species identification. Thus, tests based on nuclear rather than mitochondrial DNA are to be preferred, and those based on tandemly repeated genes which are expected to be undergoing concerted evolution are ideal. SSCPs are ideally suited to the detection of heterozygotes and thus, hybrids, or to the detection of heteroplasmy in a mitochondrial product.
SSCPs involve one more step than ASA: the running and staining of an acrylamide gel, which necessarily entails more time and expense. However, they can be used without any sequencing, and they require less effort to optimize PCR conditions. It is concluded that SSCPs have great potential for providing critical population genetic information.
